The pressurization of large cryogenic storage tanks under microgravity conditions is investigated by coupling a lumped thermodynamic model of the vapor region with a complete solution of the flow and temperature fields in the liquid. Numerical results indicate that in microgravity both buoyancy and natural convection are still important and play a significant role in phase distribution and tank pressurization. A spherical vapor region initially placed at the center of the tank deforms and moves to one side of the tank before any significant pressure rise. Long-term results obtained with the vapor region near the tank wall show that, even in microgravity, natural convection leads to thermal stratification in the liquid and significantly alters the initial pressure rise. The final rate of pressure rise agrees with a lumped thermodynamic model of the entire system, but the final pressure levels depart from thermodynamic predictions because of initial transients. The history of the maximum liquid superheat and subcooling is also determined for each configuration. 
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Introduction
T HE extension of human space exploration from low Earth orbit into the solar system is one of NASA's biggest challenges for the next millennium. The projected exploration programs include a series of human and robotic expeditions to low and high Earth orbit, the moon, Mars, and possibly to the asteroids and other planetary moons. Integral to all phases of these space and planetary expeditions is effective, affordable, and reliable cryogenic fluid management for use in the propellant and life-support systems. Without safe and efficient cryogen storage, economically feasible and justified human missions will not be possible.
With the exception of extremely short-duration missions, significant cost savings can be achieved if the launch mass can be reduced by improving the cryogenic storage and transfer technologies. 1 Cryogen vaporization is one of the main causes of mass loss and leads to the self-pressurization of the storage tanks. 2 Vaporization can occur during the filling process, or may be caused by heat leaks into the tank from the surrounding environment. Ordinarily, the excess pressure can be relieved by direct venting to the environment. For on-surface applications, such as those on the surface of the Earth, moon, or Mars, the spatial configuration of liquid and vapor is dictated by gravity and is well known. In this situation, continuous venting can be easily accomplished; but over a significant length of time it results in considerable cryogen mass loss. For in-space applications, the spatial configuration of liquid and vapor is generally unknown, and direct venting without prepositioning of the two phases is precluded due to the possibility of expelling liquid along with the vapor. Moreover, venting in space is also undesirable because it prohibits manned flight operations around the storage tanks.
Therefore, from both safety and cryogen conservation viewpoints, a ventless pressure control strategy is highly desirable for both onsurface and in-space applications. The zero boil-off (ZBO) pressure control strategy has been proposed as an effective means of achievement of ventless storage through the synergetic application of active cooling and mixing. The cooling can be achieved by the use of cryocoolers, and the mixing is normally provided by impellers or forced liquid jets. The transport mechanisms in such a situation can be extremely complex and require hand-in-hand experimental and theoretical elucidation before they are applied in practice.
The self-pressurization of cryogen storage tanks has been the subject of many previous experimental investigations. (See Ref. 3 for a somewhat comprehensive list.) However, very few have considered the differences due to reduced-gravity conditions. One such work 4 shows that the initial rate of pressurization is lower under reduced-gravity conditions than under normal-gravity conditions, and this was primarily attributed to an increase in the tank wall surface area covered by liquid. Other aspects of cryogen storage have been considered, such as the effect of a liquid jet on the bulk mixing behavior 5, 6 and its ability to control the tank pressure 7 and reduce thermal stratification. 8 Previous numerical studies of tank pressurization have been primarily limited to purely thermodynamic treatments, 9−11 fluid flow, and thermal stratification in the liquid without any consideration of the resultant pressure rise in the vapor, 12−17 or the evolution of the phase distribution without any thermal considerations. 18−25 Panzarella and Kassemi 3 have developed a more comprehensive numerical model by coupling a lumped thermodynamic treatment of the vapor region with a direct numerical simulation of the NavierStokes, energy, and continuity equations in the liquid region. In this way, the effect of the heat and mass transport in the liquid region on the tank pressure rise can be determined. This approach has already been used to investigate the pressurization of a small groundbased tank, 3 where it was shown that the initial rate of pressurization depends on the particular heat flux distribution prescribed on the tank wall, even though the long-term rate of pressurization agrees with a purely thermodynamic description of the entire tank. It was also shown that the pressure rise in a ground-based tank could be controlled by the use of a subcooled liquid jet.
The present work uses the same approach to investigate the pressure rise for a large tank in microgravity. In microgravity, the vapor region could be anywhere in the tank, but the first set of results will show that buoyancy forces bring it right next to the tank wall in a short amount of time compared to the conduction and convection timescales. Consequently, long-term pressurization is examined with the vapor region fixed near the tank wall. The results will also show significant differences between the zero-gravity and microgravity environments even though the final rate of pressurization agrees with thermodynamics. For each configuration considered here, the time evolution and spatial distribution of the liquid superheat and subcooling are also determined.
Cryogenic Tank Model
This paper considers a large spherical tank in microgravity filled with liquid hydrogen and its saturated vapor as illustrated in Fig. 1 . This is similar to the model developed previously to study groundbased pressurization, 3 except for the initial configuration of liquid and vapor. It is assumed that the vapor region is initially spherical, located at the center of the tank, and completely surrounded by liquid. A cylindrical coordinate system is used with the origin at the center of the tank and with the z axis antiparallel to the direction of gravity. A typical average acceleration for microgravity is assumed to be g = 981 × 10 −6 cm/s 2 . Comparisons are also made to solutions obtained in zero gravity. The problem is assumed to be axisymmetric with respect to the z axis. The tank is heated by prescription of the steady heat flux q w uniformly across the entire tank wall surface.
The liquid is treated as an incompressible, Newtonian fluid with constant properties as described by the standard time-dependent Navier-Stokes, energy, and continuity equations. The Boussinesq approximation is used to account for buoyancy effects. The vapor is treated as an inviscid, compressible, ideal gas with spatially uniform temperature, pressure, and density. It is assumed to be in thermal equilibrium with the surrounding liquid as dictated by the ClausiusClapeyron equation for an ideal gas (see Ref. 26) .
The temperature at the liquid-vapor interface is set equal to the saturation temperature corresponding to the vapor pressure. The interface is treated as a free surface for the first set of short-duration results, but for longer-duration studies, it is forced to remain spherical. Even so, fluid is still allowed to flow over its surface by imposition of a zero tangential-stress boundary condition at the interface and by solution of the tangential velocity.
It is assumed that the liquid-vapor interface does not move due to evaporation, so that the liquid and vapor volumes remain constant during the simulation. The liquid volume would actually decrease over time as liquid evaporated, but for the values of Q l determined here, the total mass of evaporated liquid is never greater than about 1% of the initial liquid mass. Thus, for the present cases, this is not a bad assumption.
A lumped-vapor model determines the vapor pressure rise due to any net heat and mass transfer into the vapor region. 3 The final result is a single evolution equation for the vapor pressure, where Q l is the net heat entering the vapor region through the surrounding liquid, Q v is the net heat entering the vapor directly through the tank wall, and F is given by
Q v is zero if the vapor is completely surrounded by liquid, and Q l is obtained by integration of the liquid-side heat flux over the entire free surface.
Comparisons are also made to a lumped thermodynamic model of the entire tank as described by the following equations, which represent global energy, mass, and volume balances, respectively:
These are solved along with the ideal gas law and the saturation temperature condition to obtain the pressure rise in the tank from purely thermodynamic considerations. The work term in Eq. (3a) is automatically zero during storage because the total volume remains constant.
The governing equations are solved by the use of an in-house modified version of the commercial finite element code FIDAP. 27 It is modified to include the coupled solution of the lumped-vapor analysis, along with the standard solution of the Navier-Stokes, energy, and continuity equations for the liquid region. Additional details about this approach and studies of the spatial and temporal convergence for a similar problem can be found in Ref. 3 .
The liquid domain is partitioned into a number of nine-node quadratic interpolation elements. The number of elements in the mesh varies from between 1470 and 5178, depending on the case, and the mesh is refined in regions of steeper solution gradients. A typical mesh is shown in Fig. 1 . The mesh deforms by the use of the method of spines as the vapor region moves. If the mesh becomes too distorted, then the solution is halted and then restarted with a more uniform mesh, and the old solution is interpolated onto the new mesh to obtain the updated initial conditions. At each time step, an iterative solution strategy is employed to solve the resulting matrix equations with a relative convergence tolerance of 10 −6 . Timesteps are chosen adaptively to keep an estimate of the time truncation error less than 10 −5 (Ref. 28 ). The approximate computation time for the following cases varied from between 10 CPU minutes for the zero-gravity cases to as long as three days for some of the microgravity cases with a moving vapor region. These results were obtained on a 1.6-GHz Intel Xeon computer system with 16 GB of memory running the Red Hat Linux 7.3 operating system.
Results and Discussion
The results of the numerical simulations will be presented in terms of the time evolution of the vapor pressure, saturation temperature, maximum liquid superheat and subcooling, and the net interfacial heat flow into the vapor region. Representative streamline and temperature fields in the liquid region are also presented at given times. These fields are shown by 10 equally spaced temperature and/or streamline contours between the minimum and maximum values. To save space and because the solution is axisymmetric, these contour plots are combined into a single image with the isotherms on the left and the streamlines on the right. The material properties and other model parameters used here are listed in Table 1 .
Zero-Gravity Case Studies
For the zero-gravity results, the vapor region is assumed to be spherical and located either at the center of the tank or near the wall with an arbitrary spacing of 1 mm between the vapor and tank wall. The actual gap thickness does not matter that much because the heat flux across any sufficiently thin liquid film would be nearly the same as the prescribed tank-wall heat flux. The solution for any other position should lie somewhere between these two extremes. The liquid is initially motionless with a uniform temperature of 20 K, and the vapor is in equilibrium with the surrounding liquid.
The pressure rise for these two configurations is shown in Fig. 2 for liquid fill levels of 50 and 95%, and the corresponding saturation temperatures are shown in Fig. 3 . It is clear that the pressure rises more rapidly at first when the vapor region is closer to the wall, but eventually the rate of pressure rise is the same in all cases and in agreement with the lumped thermodynamic model of the entire tank.
With the vapor region centered, it takes a couple of days before such agreement is reached for the 50% full tank and about 20 days for the 95% full tank. This is because the conduction timescale based on the distance between the tank wall and the liquid-vapor interface,
is very long to begin with, but is even longer for larger fill levels. When the vapor is near the wall, agreement is achieved much more quickly, especially for the 95% fill level. The net heat flow into the vapor region is shown in Fig. 4 . When the vapor is close to the wall, Q l has a quick initial rise but becomes nearly constant later on as the temperature solution in the liquid approaches a stationary state in which the temperature gradients remain nearly the same even though the average temperature keeps on rising. This stationary state was observed in previous numerical simulations of smaller ground-based tanks, 3 where a perfectly stationary thermal gradient field was attained in the liquid region.
In the present situation, this stationary state is never perfectly achieved because the relative pressure changes are much greater. This follows from the increased surface area of the larger tank, which, for the same tank-wall heat flux, leads to a greater total heat input, and the nonlinear nature of the pressure-temperature saturation curve is no longer negligible over the period of time required to achieve the stationary state. This leads to a very slight upward bending of the pressure curves and a slight downward bending of the corresponding saturation temperature curves, whereas in the smaller, ground-based tank these curves were perfectly straight. Note also that the thermodynamic pressure curve is bending in the same manner, and so this is an effect that can be captured by the simpler model as well.
The temperature field corresponding to this stationary state after a period of 75 days is shown in Fig. 5 for the 50% full tank and in Fig. 6 for the 95% full tank. Because the interfacial temperature is set equal to the saturation temperature, any deviation from that temperature represents a local superheat or subcooling of the liquid at that point. Thus, the isotherms shown here actually represent the distribution of the superheat and subcooling throughout the liquid. Knowing the distribution of the superheat is important because the onset of nucleate boiling is most likely to occur in regions of maximum superheat, and this could lead to undesirable pressure spikes as stored thermal energy is suddenly released by boiling. This model is able to predict the location and magnitude of the maximum superheat for different liquid-vapor configurations, and this information could be used to compute the probability of vapor bubble nucleation.
For the 50% full tank shown in Fig. 5a , the final maximum superheat is 0.166 K at the wall, and the subcooling is zero because the bubble is centered. With the vapor region near the wall as in Fig. 5b , the final maximum superheat is slightly larger at 0.170 K, and there is also a maximum subcooling of 0.0497 K in the midst of the liquid beneath the vapor region. The history of the maximum superheat The subcooling arises because the liquid region requires a larger fraction of the total heat input to maintain the same rate of average temperature rise as the vapor. Because the vapor is so close to the wall, it receives more heat than it actually needs, and this excess heat is released into the underlying liquid giving rise to the observed subcooling.
For the 95% full tank shown in Fig. 6a , the final maximum superheat is 0.457 K at the wall, and the subcooling is zero because the vapor is centered. The maximum superheat is larger than for the 50% full tank because the vapor is further away from the wall. When the vapor region is closer to the wall as in Fig. 6b , the final maximum superheat decreases to 0.271 K, and a maximum subcooling of 0.305 K arises near the center of the tank as excess heat received by the vapor is released into the underlying liquid. The maximum superheat still occurs on the tank wall, but not at the point where the vapor is closest to the wall as one might think. This is because the temperature drop across the intervening liquid film must approach zero as its thickness approaches zero to satisfy the constant heat flux boundary condition prescribed on the tank wall. The history of the maximum superheat and subcooling for this case is also shown in Figs. 7 and 8.
Microgravity Case Studies
The microgravity investigations are further divided into two cases. In the first case, the spherical vapor region is initially centered, and the history of the tank pressure, as well as the evolution of the liquid flow and thermal fields, are examined by following the deforming vapor region as it approaches the tank wall. The initial conditions for the temperature and velocity are the same as before. It is shown that the vapor region reaches the wall after a short period of time relative to the conduction or convection timescales.
The second case study focuses on the temperature, pressure, and flowfields that develop over a longer time span, whereas the spherical vapor region is fixed near the wall. The free surface oscillations of the bubble are not accounted for, but fluid slip is allowed by the assumption that there is no shear stress on the vapor side of the interface. This permits us to study the average long-term pressurization without being limited by the smaller timesteps required to resolve the minor fluctuations caused by the surface oscillations.
Also note that the magnitude and direction of the acceleration vector are assumed to be constant here, whereas in reality they would undoubtedly fluctuate over time. However, as long as these fluctuations happen on a timescale much shorter than the other relevant timescales, the replacement of the actual acceleration profile with its time-averaged value is an acceptable approximation.
Moving Vapor Region
The initially centered vapor region drifts upward due to buoyancy, as shown in Fig. 9a . For the 50% full tank, it takes less than 13 min for the vapor to reach the tank wall, which is not that surprising when one considers that, during that amount of time, the tank itself has moved a distance of about gt 2 /2 = 298 cm, almost the entire tank diameter. The liquid is being dragged along by the tank wall, but this is countered by the liquid's own inertia, which will tend toward keeping it at the bottom of the tank.
The top of the vapor region flattens as it rises, and this brings the vapor nearest the tank wall not to the top as one might expect, but to a point further to the side. The liquid above this point is trapped momentarily and slowly drains downwards along the wall through a thin liquid film with a maximum speed of 1.27 cm/s in Fig. 9a is still concentrated very close to the tank wall because the heat conduction timescale is measured in days for such a large tank, but, as a result of this drainage, a layer of warmer fluid near the wall is convected along the free surface and breaks up into a train of vortices as shown from the streamline plots in Fig. 9 . After about 15 min, the liquid film has nearly finished draining, and the simulation is terminated because the distance between the interface and the tank wall becomes so small that it can no longer be justifiably resolved with the present free-surface methodology. It seems likely that the film would rupture past this point, leading to the formation of a vapor dry patch, but this cannot presently be determined.
The corresponding pressure rise and net heat flow for this case are shown in Fig. 10 . Clearly, there is no heat flow into the vapor region, and, consequently, no pressure rise until the vapor gets very close to the wall. Then, the heat flow becomes very erratic because of the train of vortices and also because of the free-surface oscillations.
The maximum superheat and subcooling are, respectively, 0.0114 and 0.000422 K in Fig. 9a and 0.0123 and 0.000267 K in Fig. 9b . These are very small because the thermal boundary layer has not yet had enough time to develop sufficiently. The history of the maximum superheat and subcooling is also shown in Figs. 7 and 8 .
A similar solution is obtained for the 95% full tank, as shown in Figs. 11 and 12 . After only a few minutes, the vapor region is well on its way toward the wall as shown in Fig. 11a . At the intermediate time shown in Fig. 11b , the vapor region is clearly being pushed up against the wall with only a very thin liquid film in between. Eventually, surface tension pulls the vapor region back into a nearly spherical shape as shown in Fig. 11c , at which point the simulation is again terminated because the liquid film becomes too thin to be meaningfully resolved.
A well-known result from elementary fluid mechanics is that a vapor bubble initially at rest and surrounded by liquid will rise with an initial acceleration of 2g as long as ρ v ρ l (Ref. 29) . This result comes from balancing the buoyancy force with the force required to accelerate the surrounding liquid (the added mass). Because the initial distance between the vapor and tank wall is 150 cm − 55.26 cm = 94.74 cm, a simple calculation based on this distance and acceleration would yield a time to reach the wall of 311 s. This is close to, but slightly less than, the time predicted by the model, but this is understandable due to the interference caused by the tank wall. This prediction is not as accurate for the 50% full tank because the vapor region quickly deforms from its spherical shape, and then it becomes a problem dictated by the draining liquid film, not buoyancy. While the vapor region is being pushed up against the wall, it receives an extra amount of heat as evidenced by the sharp upward spike in Q l , as indicated in Fig. 12 . However, once it begins to retract from the wall as surface tension forces try to restore its spherical shape, it no longer receives as much heat, and Q l decreases. Near the end of the simulation, the vapor has moved so far away from the wall that it receives hardly any additional heat, and, in fact, Q l becomes slightly negative as the excess heat stored in the vapor region gets released into the subcooled bulk liquid below.
The final maximum superheat and subcooling are, respectively, 0.00462 and 0 K in Fig. 11a, 0 .00698 and 0.000168 K in Fig. 11b , and 0.00802 and 0.00147 K in Fig. 11c . Again, these values are extremely small because the thermal boundary layer has not yet fully developed. The history of the maximum superheat and subcooling is also shown in Figs. 7 and 8.
Stationary Vapor Region Near the Wall
The preceding case study implied that after a relatively short period of time in microgravity, the vapor region will migrate close to the tank wall, provided that there is no major change in the average direction of the residual acceleration vector during that time. This may eventually lead to the formation of dry patches if the vapor touches the wall, but the complex behavior of these dry patches is beyond the scope of the present paper.
Instead, we consider the following two limiting configurations. In the first, the vapor region is spherical and close to the tank wall. In the second, there is a flat interface separating liquid and vapor like the ground-based configuration. The actual configuration will lie somewhere between these two extremes. The importance of the flat-interface configuration is that it represents the limiting case where the maximum amount of vapor touches the tank wall in a stably stratified configuration. The real interface will likely never be completely flat, especially because the contact angle of liquid hydrogen is nearly zero. It is more likely that it would resemble an oblate spheroid in partial contact with the tank wall. The solution for that case would be very complex due to the motion of the dynamic contact line and cannot be considered with the present free-surface methodology. However, the pressure rise for that case would likely be bounded by the two limiting configurations considered here.
In the first case, the spherical vapor region is positioned near the wall such that the intervening liquid film is only 1-mm thick as shown for both fill levels in Fig. 13 . As before, it is not allowed to move from this position or deform from its spherical shape, but liquid is allowed to slip over its surface.
By comparison of the resulting pressure, temperature, and heat input curves in Figs. 14-16 with those obtained previously under zero-gravity conditions, it is clear that, even in microgravity, natural convection still plays a significant role. Initially, the pressure rise agrees with the corresponding zero-gravity case, but, after 12 h, the additional heat carried by natural convection reaches the interface and causes the pressure to increase even faster and eventually surpass that predicted by thermodynamics.
There is a sudden increase in Q l as the warm fluid brought by natural convection reaches the interface as shown for both fill levels in Fig. 16 , but, eventually, they both settle back down to the same constant value as before. The Q l curve for the 95% full tank shown in Fig. 16b exhibits more fluctuations early on due to a competition that arises between two counter-rotating convection cells in the tank. One of them brings warmer fluid near the wall up to the interface, whereas the other one brings cooler fluid from the bulk liquid, and this interplay manifests itself as the fluctuations in Q l .
The final isotherms for both fill levels are shown in Fig. 13 . These are noticeably different from the corresponding isotherms for the zero-gravity cases shown in Figs. 5 and 6 because they show significant thermal stratification due to natural convection. It might seem surprising to have thermal stratification in microgravity, but this can be understood when it is considered that the intensity of natural convection, as measured by the Grashof num-
, is a very rapidly increasing function of the tank radius, whereas it is only linearly proportional to the gravitational acceleration. Thus, for the large tank in microgravity considered here, Gr = 1.97 × 10 7 , and this is very close to the value Gr = 2.4×10 7 for the smaller 10-cm-diam ground-based cryogenic tank considered previously, 3 for which there was significant thermal stratification. For both cases, the Prandtl number is the same. Thus, it is not surprising that a similar degree of thermal stratification is observed here.
The final maximum superheat and subcooling are now, respectively, 0.110 and 0.0899 K in Fig. 13a and 0.137 and 0.282 K in Fig. 13b . The maximum superheat is less than it was for the corresponding zero-gravity case, more so for the 95% full tank because there is additional mixing due to natural convection. The maximum flow speed due to natural convection is 0.00401 cm/s in Fig. 13a and 0.00313 cm/s in Fig. 13b . Even though these flows are very weak, they have a definite accumulative effect over the long periods of time considered here. The history of the maximum superheat and subcooling is also shown in Figs. 7 and 8 .
The pressure and temperature rise for the flat-interface configuration are shown in Figs. 14 and 15 for both the 50 and 95% fill levels. These curves exhibit the most drastic departure from both the thermodynamic predictions and from the zero-gravity curves in Figs. 2 and 3 . This is due to the vapor being in direct contact with the wall and, consequently, receiving much more heat than it needs according to thermodynamics. However, the extra heat cannot leave the vapor region until the conduction boundary layer fully develops on the liquid side of the interface, and that is a relatively slow process. In the meantime, this extra heat goes into raising the vapor pressure at the most rapid rate yet. In all of the preceding cases, heat had to pass through some liquid first before getting into the vapor region, but not in this case. Eventually, the rate of pressure rise agrees with thermodynamics as the net heat flow into the vapor approaches that predicted by thermodynamics.
The final maximum superheat and subcooling are 0.00340 and 0.466 K in Fig. 17a and 0.0000381 and 0.563 K in Fig. 17b . The superheat is so small because the net direction of heat flow across the interface is now reversed (from vapor to liquid) as indicated by the final negative values of Q l in Fig. 16 . The subcooling is very large for that same reason. This actually stabilizes the liquid and reduces the probability of any additional vapor-bubble nucleation. The history of the maximum superheat and subcooling is also shown in Figs. 7 and 8. The maximum flow speed in the liquid is 0.00196 cm/s in Fig. 17a and 0 .00278 cm/s in Fig. 17b .
Generally speaking, from these final results, one may also surmise that the configuration of liquid and vapor that minimizes the probability of nucleate boiling would be one in which the vapor completely surrounds a spherical liquid region in the center of the tank. If no liquid is in direct contact with the tank walls, then all of the heat entering the liquid region must go through the vapor first, and this would naturally lead to a situation where the entire liquid region is completely subcooled. Nucleation is not possible in a completely subcooled liquid. This configuration could potentially be achieved by the use of some form of magnetic reorientation, but that idea is left for future work.
Conclusions
In this paper, we have carefully examined the pressurization of large liquid hydrogen storage tanks by comparing the results from microgravity, zero-gravity, and ground-based numerical case studies. This was done for a number of different liquid-vapor configurations and fill levels. The results show that buoyancy and natural convection are still important in microgravity and cannot be ignored when the pressurization of large cryogenic tanks in space are predicted.
The initial and long-term pressurization rates were determined for several different liquid-vapor configurations and gravity levels. For a large tank in microgravity, the vapor region moves toward the tank wall very quickly when compared to the conduction and natural convection timescales. Thus, long-term pressurization studies were conducted with the vapor region fixed near the wall. For each case, the final rate of pressure rise agrees with the rate predicted by a simpler thermodynamic model, even though the initial pressurization rates depend on the configuration and gravity level. Because of these initial transients, the final pressure levels are also different. In zero gravity, the final pressures are all less than thermodynamic predictions, but, in microgravity, they are all greater than thermodynamics. The initial pressure rise is greatest for the flat-interface configuration because the vapor is in direct contact with the tank wall. In general, the initial rate of pressurization will be greater when more vapor is in direct contact with the wall because it initially receives more heat than is apportioned to it by thermodynamic predictions.
It was also shown that the final rate of pressure rise for a 50% full tank is greater than that for a 95% full tank, regardless of the liquid-vapor configuration. This is not entirely surprising because the simpler thermodynamic model predicts the same result. In general, the rate of pressure rise is less for higher fill levels because a larger fraction of the total heat input goes into raising the liquid temperature, and less heat is available to raise the temperature and pressure of the vapor region.
For relatively large tanks in microgravity, natural convection and buoyancy effects are still important. The results presented here demonstrate this because the pressure rise and thermal stratification are different from those obtained in a zero-gravity environment. The degree of liquid superheat is also lessened due to the mixing effects of natural convection. This is important to know because, as the liquid superheat increases, so does the probability of nucleate boiling, and this can lead to undesirable pressure spikes due to rapid boiling.
It was also shown that the superheat is highest when the vapor region is in the middle of the tank and lowest when more vapor is in direct contact with the tank wall because the net direction of interfacial heat flow is then usually reversed. The best configuration for minimization of the superheat would be to have the liquid region in the middle of the tank completely surrounded by vapor. However, this configuration may not be so desirable because it would also lead to the most rapid changes in pressure due to any changes in the tank wall heat flux. This also implies that the most rapid cooling is achieved if the cryocooler is placed within the vapor region, which would be easier to do if the vapor were touching the wall.
